
���������	����������

1 See the section below entitled Global Warming Potentials for an explanation of GWP values.
2 See the section below entitled What is Climate Change? for an explanation of radiative forcing.
3 The term “anthropogenic”, in this context, refers to greenhouse gas emissions and removals that are a direct result of human activities
or are the result of natural processes that have been affected by human activities (IPCC/UNEP/OECD/IEA 1997).
4 Article 2 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.  See
<http://www.unfccc.de>.
5 Article 4 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change (also
identified in Article 12).  See <http://www.unfccc.de>.
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�his report presents estimates by the United States government of U.S. anthropogenic greenhouse gas emis

sions and sinks for the years 1990 through 1998.  A summary of these estimates is provided in Table 1-4 and

Table 1-5 by gas and source category.  The emission estimates in these tables are presented on both a full molecular

mass basis and on a Global Warming Potential (GWP) weighted basis in order to show the relative contribution of

each gas to global average radiative forcing.1,2  This report also discusses the methods and data used to calculate

these emission estimates.

In June of 1992, the United States signed the United Nations Framework Convention on Climate Change

(UNFCCC).  The objective of the UNFCCC is “to achieve…stabilization of greenhouse gas concentrations in the

atmosphere at a level that would prevent dangerous anthropogenic interference with the climate system.” 3,4

Parties to the Convention, by signing, make commitments “to develop, periodically update, publish and make

available…national inventories of anthropogenic emissions by sources and removals by sinks of all greenhouse

gases not controlled by the Montreal Protocol, using comparable methodologies…”5  The United States views this

report as an opportunity to fulfill this commitment under UNFCCC.

In 1988, preceding the creation of the UNFCCC, the Intergovernmental Panel on Climate Change (IPCC) was

jointly established by the World Meteorological Organization (WMO) and the United Nations Environment Programme

(UNEP).  The charter of the IPCC is to assess available scientific information on climate change, assess the environ-

mental and socio-economic impacts of climate change, and formulate response strategies (IPCC 1996).  Under

Working Group 1 of the IPCC, nearly 140 scientists and national experts from more than thirty countries corroborated

in the creation of the Revised 1996 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC/UNEP/OECD/

IEA 1997) to ensure that the emission inventories submitted to the UNFCCC are consistent and comparable between

nations.  The Revised 1996 IPCC Guidelines were accepted by the IPCC at its Twelfth Session (Mexico City, 11-13

September 1996).  The information provided in this inventory is presented in accordance with these guidelines.



��������������	
��

�
����
������
���
���
������
��
���
������

�������� 

6 The Earth’s climate system comprises the atmosphere, oceans, biosphere, cryosphere, and geosphere.
7 For example, eccentricity, precession, and inclination.
8 Article 1 of the Framework Convention on Climate Change published by the UNEP/WMO Information Unit on Climate Change.

Additionally, in order to fully comply with the Revised

1996 IPCC Guidelines, the United States has provided

estimates of carbon dioxide emissions from fossil fuel

combustion using the IPCC Reference Approach in An-

nex O.

Overall, the purpose of an inventory of anthropo-

genic greenhouse gas emissions is (1) to provide a basis

for the ongoing development of methodologies for esti-

mating sources and sinks of greenhouse gases; (2) to

provide a common and consistent mechanism through

which Parties to the UNFCCC can estimate emissions

and compare the relative contribution of individual

sources, gases, and nations to climate change; and (3) as

a prerequisite for accounting for reductions and evaluat-

ing possible mitigation strategies.
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Climate change refers to long-term fluctuations in

temperature, precipitation, wind, and other elements of

the Earth’s climate system.6  Natural processes such as

solar-irradiance variations, variations in the Earth’s or-

bital parameters,7 and volcanic activity can produce

variations in climate.  The climate system can also be

influenced by changes in the concentration of various

gases in the atmosphere, which affect the Earth’s absorp-

tion of radiation.

The Earth naturally absorbs and reflects incoming

solar radiation and emits longer wavelength terrestrial

(thermal) radiation back into space.  On average, the

absorbed solar radiation is balanced by the outgoing

terrestrial radiation emitted to space.  A portion of this

terrestrial radiation, though, is itself absorbed by gases

in the atmosphere.  The energy from this absorbed terres-

trial radiation warms the Earth’s surface and atmosphere,

creating what is known as the “natural greenhouse ef-

fect.”  Without the natural heat-trapping properties of

these atmospheric gases, the average surface tempera-

ture of the Earth would be about 34oC lower (IPCC 1996).

Under the UNFCCC, the definition of climate

change is “a change of climate which is attributed di-

rectly or indirectly to human activity that alters the com-

position of the global atmosphere and which is in addi-

tion to natural climate variability observed over compa-

rable time periods.”8  Given that definition, in its 1995

assessment of the science of climate change, the IPCC

concluded that:

Human activities are changing the atmospheric
concentrations and distributions of greenhouse
gases and aerosols.  These changes can pro-
duce a radiative forcing by changing either
the reflection or absorption of solar radiation,
or the emission and absorption of terrestrial
radiation (IPCC 1996).

The IPCC went on to report in its assessment that

the “[g]lobal mean surface temperature [of the Earth] has

increased by between about 0.3 and 0.6 °C since the late

19th century…” (IPCC 1996) and finally concluded with

the following statement:

Our ability to quantify the human influence on
global climate is currently limited because the
expected signal is still emerging from the noise
of natural variability, and because there are
uncertainties in key factors.  These include the
magnitude and patterns of long term natural
variability and the time-evolving pattern of forc-
ing by, and response to, changes in concentra-
tions of greenhouse gases and aerosols, and
land surface changes.  Nevertheless, the bal-
ance of the evidence suggests that there is a
discernable human influence on global climate
(IPCC 1996).

����������������

Although the Earth’s atmosphere consists mainly

of oxygen and nitrogen, neither plays a significant role

in enhancing the greenhouse effect because both are es-

sentially transparent to terrestrial radiation.  The green-

house effect is primarily a function of the concentration

of water vapor, carbon dioxide, and other trace gases in

the atmosphere that absorb the terrestrial radiation leav-
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9 Also referred to in the U.S. Clean Air Act as “criteria pollutants.”

ing the surface of the Earth (IPCC 1996).  Changes in the

atmospheric concentrations of these greenhouse gases

can alter the balance of energy transfers between the

atmosphere, space, land, and the oceans.  A gauge of

these changes is called radiative forcing, which is a

simple measure of changes in the energy available to the

Earth-atmosphere system (IPCC 1996).  Holding every-

thing else constant, increases in greenhouse gas concen-

trations in the atmosphere will produce positive radia-

tive forcing (i.e., a net increase in the absorption of en-

ergy by the Earth).

Climate change can be driven by changes in
the atmospheric concentrations of a number of
radiatively active gases and aerosols.  We have
clear evidence that human activities have af-
fected concentrations, distributions and life
cycles of these gases (IPCC 1996).

Naturally occurring greenhouse gases include wa-

ter vapor, carbon dioxide (CO2), methane (CH4), nitrous

oxide (N2O), and ozone (O3).  Several classes of haloge-

nated substances that contain fluorine, chlorine, or bro-

mine are also greenhouse gases, but they are, for the

most part, emitted solely by human activities.  Chlorof-

luorocarbons (CFCs) and hydrochlorofluorocarbons

(HCFCs) are halocarbons that contain chlorine, while

halocarbons that contain bromine are referred to as

halons.  Other fluorine containing halogenated sub-

stances include hydrofluorocarbons (HFCs),

perfluorocarbons (PFCs), and sulfur hexafluoride (SF6).

There are also several gases that, although they do not

have a direct radiative forcing effect, do influence the

formation and destruction of ozone, which does have

such a terrestrial radiation absorbing effect.  These gases

referred to here as ozone precursors include carbon mon-

oxide (CO), oxides of nitrogen (NOx), and nonmethane

volatile organic compounds (NMVOCs).9  Aerosols ex-

tremely small particles or liquid droplets often produced

by emissions of sulfur dioxide (SO2) can also affect the

absorptive characteristics of the atmosphere.

Carbon dioxide, methane, and nitrous oxide are

continuously emitted to and removed from the atmo-

sphere by natural processes on Earth.  Anthropogenic

activities, however, can cause additional quantities of

these and other greenhouse gases to be emitted or se-

questered, thereby changing their global average atmo-

spheric concentrations.  Natural activities such as respi-

ration by plants or animals and seasonal cycles of plant

growth and decay are examples of processes that only

cycle carbon or nitrogen between the atmosphere and

organic biomass.  Such processes except when directly

or indirectly perturbed out of equilibrium by anthropo-

genic activities generally do not alter average atmo-

spheric greenhouse gas concentrations over decadal

timeframes.  Climatic changes resulting from anthropo-

genic activities, however, could have positive or nega-

tive feedback effects on these natural systems.

A brief description of each greenhouse gas, its

sources, and its role in the atmosphere is given below.

The following section then explains the concept of Glo-

bal Warming Potentials (GWPs), which are assigned to

individual gases as a measure of their relative average

global radiative forcing effect.

Water Vapor (H2O).  Overall, the most abundant

and dominant greenhouse gas in the atmosphere is water

vapor.  Water vapor is neither long-lived nor well mixed

in the atmosphere, varying spatially from 0 to 2 percent

(IPCC 1996).  In addition, atmospheric water can exist

in several physical states including gaseous, liquid, and

solid.  Human activities are not believed to directly af-

fect the average global concentration of water vapor;

however, the radiative forcing produced by the increased

concentrations of other greenhouse gases may indirectly

affect the hydrologic cycle.  A warmer atmosphere has

an increased water holding capacity; yet, increased con-

centrations of water vapor affects the formation of clouds,

which can both absorb and reflect solar and terrestrial

radiation.  Aircraft contrails, which consist of water va-

por and other aircraft emittants, are similar to clouds in

their radiative forcing effects (IPCC 1999).

Carbon Dioxide (CO2).  In nature, carbon is cycled

between various atmospheric, oceanic, land biotic, ma-

rine biotic, and mineral reservoirs.  The largest fluxes

occur between the atmosphere and terrestrial biota, and
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10 The pre-industrial period is considered as the time preceding the year 1750 (IPCC 1996).
11 Carbon dioxide concentrations during the last 1,000 years of the pre-industrial period (i.e., 750-1750), a time of relative climate
stability, fluctuated by about ±10 ppmv around 280 ppmv (IPCC 1996).
12 The stratosphere is the layer from the troposphere up to roughly 50 kilometers.  In the lower regions the temperature is nearly
constant but in the upper layer the temperature increases rapidly because of sunlight absorption by the ozone layer.  The ozone-layer
is the part of the stratosphere from 19 kilometers up to 48 kilometers where the concentration of ozone reaches up to 10 parts per
million.
13 The troposphere is the layer from the ground up to 11 kilometers near the poles and up to 16 kilometers in equatorial regions (i.e.,
the lowest layer of the atmosphere where people live).  It contains roughly 80 percent of the mass of all gases in the atmosphere and
is the site for most weather processes, including most of the water vapor and clouds.

between the atmosphere and surface water of the oceans.

In the atmosphere, carbon predominantly exists in its

oxidized form as CO2.  Atmospheric carbon dioxide is

part of this global carbon cycle, and therefore its fate is a

complex function of geochemical and biological pro-

cesses.  Carbon dioxide concentrations in the atmo-

sphere, as of 1994, increased from approximately 280

parts per million by volume (ppmv) in pre-industrial10

times to 358 ppmv, a 28 percent increase (IPCC 1996).11

The IPCC has stated that “[t]here is no doubt that this

increase is largely due to human activities, in particular

fossil fuel combustion…” (IPCC 1996).  Forest clearing,

other biomass burning, and some non-energy produc-

tion processes (e.g., cement production) also emit no-

table quantities of carbon dioxide.

In its latest scientific assessment, the IPCC also

stated that “[t]he increased amount of carbon dioxide

[in the atmosphere] is leading to climate change and

will produce, on average, a global warming of the Earth’s

surface because of its enhanced greenhouse effect al-

though the magnitude and significance of the effects are

not fully resolved” (IPCC 1996).

Methane (CH4).  Methane is primarily produced

through anaerobic decomposition of organic matter in

biological systems.  Agricultural processes such as wet-

land rice cultivation, enteric fermentation in animals,

and the decomposition of animal wastes emit CH4, as

does the decomposition of municipal solid wastes.  Meth-

ane is also emitted during the production and distribu-

tion of natural gas and petroleum, and is released as a

by-product of coal mining and incomplete fossil fuel

combustion.  The average global concentration of meth-

ane in the atmosphere was 1,720 parts per billion by

volume (ppbv) in 1994, a 145 percent increase from the

pre-industrial concentration of 700 ppbv (IPCC 1996).

It is estimated that 60 to 80 percent of current CH4 emis-

sions are the result of anthropogenic activities.  Carbon

isotope measurements indicate that roughly 20 percent

of methane emissions are from fossil fuel consumption,

and an equal percentage is produced by natural wet-

lands, which will likely increase with rising tempera-

tures and rising microbial action (IPCC 1996).

Methane is removed from the atmosphere by re-

acting with the hydroxyl radical (OH) and is ultimately

converted to CO2.  Increasing emissions of methane,

though, reduces the concentration of OH, and thereby

the rate of further methane removal (IPCC 1996).

Nitrous Oxide (N2O).  Anthropogenic sources of

N2O emissions include agricultural soils, especially the

use of synthetic and manure fertilizers; fossil fuel com-

bustion, especially from mobile combustion; adipic (ny-

lon) and nitric acid production; wastewater treatment

and waste combustion; and biomass burning.  The atmo-

spheric concentration of nitrous oxide (N2O) in 1994

was about 312 parts per billion by volume (ppbv), while

pre-industrial concentrations were roughly 275 ppbv.

The majority of this 13 percent increase has occurred

after the pre-industrial period and is most likely due to

anthropogenic activities (IPCC 1996).  Nitrous oxide is

removed from the atmosphere primarily by the photolytic

action of sunlight in the stratosphere.

Ozone (O3).  Ozone is present in both the upper

stratosphere,12 where it shields the Earth from harmful

levels of ultraviolet radiation, and at lower concentra-

tions in the troposphere,13 where it is the main compo-

nent of anthropogenic photochemical “smog.”  During

the last two decades, emissions of anthropogenic chlo-

rine and bromine-containing halocarbons, such as chlo-

rofluorocarbons (CFCs), have depleted stratospheric

ozone concentrations.  This loss of ozone in the strato-
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14 [42 U.S.C §7408, CAA §108]
15 Article 5 of the Montreal Protocol covers several groups of countries, especially developing countries, with low consumption rates
of ozone depleting substances.  Developing countries with per capita consumption of less than 0.3 kg of certain ozone depleting
substances (weighted by their ozone depleting potential) receive financial assistance and a grace period of ten additional years in the
phase-out of ozone depleting substances.
16 Primarily from fuel combustion emissions from high altitude supersonic aircraft.

sphere has resulted in negative radiative forcing, repre-

senting an indirect effect of anthropogenic emissions of

chlorine and bromine compounds (IPCC 1996).

Tropospheric ozone, which is also a greenhouse

gas, is produced from the oxidation of methane and

from reactions with precursor gases such as carbon mon-

oxide (CO), nitrogen oxides (NOx), and non-methane

volatile organic compounds (NMVOCs).  This latter

group of ozone precursors is included in the category

referred to as “criteria pollutants” in the United States

under the Clean Air Act14 and its subsequent amend-

ments.  The tropospheric concentrations of both ozone

and these precursor gases are short-lived and, there-

fore, spatially variable.

Halocarbons, Perfluorocarbons, and Sulfur

Hexafluoride (SF6).  Halocarbons are, for the most part,

man-made chemicals that have both direct and indirect

radiative forcing effects.  Halocarbons that contain chlo-

rine chlorofluorocarbons (CFCs), hydrochlorofluoro-

carbons (HCFCs), methyl chloroform, and carbon tetra-

chloride and bromine halons, methyl bromide, and

hydrobromofluorocarbons (HBFCs) result in strato-

spheric ozone depletion and are therefore controlled

under the Montreal Protocol on Substances that De-

plete the Ozone Layer.  Although CFCs and HCFCs

include potent global warming gases, their net radia-

tive forcing effect on the atmosphere is reduced be-

cause they cause stratospheric ozone depletion, which

is itself an important greenhouse gas in addition to

shielding the Earth from harmful levels of ultraviolet

radiation.  Under the Montreal Protocol, the United

States phased out the production and importation of

halons by 1994 and of CFCs by 1996.  Under the

Copenhagen Amendments to the Protocol, a cap was

placed on the production and importation of HCFCs

by non-Article 515 countries beginning in 1996, and

then followed by a complete phase-out by the year 2030.

The ozone depleting gases covered under the Montreal

Protocol and its Amendments are not covered by the

UNFCCC; however, they are reported in this inventory

under Annex L.

Hydrofluorocarbons (HFCs), perfluorocarbons

(PFCs), and sulfur hexafluoride (SF6) are not ozone de-

pleting substances, and therefore are not covered un-

der the Montreal Protocol.  They are, however, power-

ful greenhouse gases.  HFCs primarily used as replace-

ments for ozone depleting substances but also emitted

as a by-product of the HCFC-22 manufacturing process

currently have a small aggregate radiative forcing im-

pact; however, it is anticipated that their contribution

to overall radiative forcing will increase (IPCC 1996).

PFCs and SF6 are predominantly emitted from various

industrial processes including aluminum smelting, semi-

conductor manufacturing, electric power transmission

and distribution, and magnesium casting.  Currently,

the radiative forcing impact of PFCs, and SF6 is also

small; however, because they have extremely long at-

mospheric lifetimes, their concentrations tend to irre-

versibly accumulate in the atmosphere.

Carbon Monoxide (CO).  Carbon monoxide has

an indirect radiative forcing effect by elevating con-

centrations of CH4 and tropospheric ozone through

chemical reactions with other atmospheric constituents

(e.g., the hydroxyl radical) that would otherwise assist

in destroying CH4 and tropospheric ozone.  Carbon

monoxide is created when carbon-containing fuels are

burned incompletely.  Through natural processes in the

atmosphere, it is eventually oxidized to CO2.  Carbon

monoxide concentrations are both short-lived in the

atmosphere and spatially variable.

Nitrogen Oxides (NOx).  The primary climate

change effects of nitrogen oxides (i.e., NO and NO2) are

indirect and result from their role in promoting the for-

mation of ozone in the troposphere and, to a lesser de-

gree, lower stratosphere, where it has positive radiative

forcing effects.  (NOx emissions injected higher in the

stratosphere16 can lead to stratospheric ozone deple-
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17 Sulfur dioxide is a primary anthropogenic contributor to the formation of “acid rain” and other forms of atmospheric acid
deposition.
18 Volcanic activity can inject significant quantities of aerosol producing sulfur dioxide and other sulfur compounds into the strato-
sphere, which can result in a longer negative forcing effect (i.e., a few years) (IPCC 1996).

tion.)  Additionally, NOx emissions from aircraft are ex-

pected to decrease methane concentrations, thus having

a negative radiative forcing effect (IPCC 1999).  Nitro-

gen oxides are created from lightning, soil microbial

activity, biomass burning—both natural and anthropo-

genic fires—fuel combustion, and, in the stratosphere,

from nitrous oxide (N2O).  Concentrations of NOx are

both relatively short-lived in the atmosphere and spa-

tially variable.

Nonmethane Volatile Organic Compounds

(NMVOCs).  Nonmethane volatile organic compounds

include compounds such as propane, butane, and ethane.

These compounds participate, along with NOx, in the

formation of tropospheric ozone and other photochemi-

cal oxidants.  NMVOCs are emitted primarily from trans-

portation and industrial processes, as well as biomass

burning and non-industrial consumption of organic sol-

vents.  Concentrations of NMVOCs tend to be both short-

lived in the atmosphere and spatially variable.

Aerosols.  Aerosols are extremely small particles

or liquid droplets found in the atmosphere.  They can be

produced by natural events such as dust storms and vol-

canic activity or by anthropogenic processes such as

fuel combustion.  Their effect upon radiative forcing is

to both absorb radiation and to alter cloud formation,

thereby affecting the reflectivity (i.e., albedo) of the

Earth.  Aerosols are removed from the atmosphere prima-

rily by precipitation, and generally have short atmo-

spheric lifetimes.  Like ozone precursors, aerosol con-

centrations and composition vary by region (IPCC 1996).

Anthropogenic aerosols in the troposphere are pri-

marily the result of sulfur dioxide (SO2)17 emissions from

fossil fuel and biomass burning.  Overall, aerosols tend

to produce a negative radiative forcing effect (i.e., net

cooling effect on the climate), although because they

are short-lived in the atmosphere lasting days to weeks

their concentrations respond rapidly to changes in emis-

sions.18  Locally, the negative radiative forcing effects

of aerosols can offset the positive forcing of greenhouse

gases (IPCC 1996).  “However, the aerosol effects do not

cancel the global-scale effects of the much longer-lived

greenhouse gases, and significant climate changes can

still result” (IPCC 1996).  Emission estimates for sulfur

dioxide are provided in Annex M of this report.
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A Global Warming Potential (GWP) is intended as

a quantified measure of the globally averaged relative

radiative forcing impacts of a particular greenhouse gas

(see Table 1-1).  It is defined as the cumulative radiative

forcing both direct and indirect effects over a specified

time horizon resulting from the emission of a unit mass

of gas relative to some reference gas (IPCC 1996).  Di-

rect effects occur when the gas itself is a greenhouse gas.

Indirect radiative forcing occurs when chemical trans-

formations involving the original gas produces a gas or

gases that are greenhouse gases, or when a gas influ-

ences the atmospheric lifetimes of other gases.  The ref-

erence gas used is CO2, and therefore GWP weighted

emissions are measured in million metric tons of carbon

equivalents (MMTCE).  Carbon comprises 12/44ths of

carbon dioxide by weight.  The relationship between

gigagrams (Gg) of a gas and MMTCE can be expressed

as follows:

where,

MMTCE = Million Metric Tons of Carbon

Equivalents

Gg = Gigagrams (equivalent to a thousand

metric tons)

GWP = Global Warming Potential

= Carbon to carbon dioxide molecular

weight ratio.

MMT = Million Metric Tons

GWP values allow policy makers to compare the

impacts of emissions and reductions of different gases.
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According to the IPCC, GWPs typically have an uncer-

tainty of ±35 percent.  The parties to the UNFCCC have

also agreed to use GWPs based upon a 100 year time

horizon although other time horizon values are available.

In addition to communicating emissions in units
of mass, Parties may choose also to use global
warming potentials (GWPs) to reflect their in-
ventories and projections in carbon dioxide-
equivalent terms, using information provided
by the Intergovernmental Panel on Climate
Change (IPCC) in its Second Assessment Re-
port.  Any use of GWPs should be based on the
effects of the greenhouse gases over a 100-year
time horizon.  In addition, Parties may also use
other time horizons.19

Greenhouse gases with long atmospheric lifetimes

(e.g., CO2, CH4, N2O, HFCs, PFCs, and SF6) tend to be

evenly distributed throughout the atmosphere, and con-

sequently global average concentrations can be deter-

mined.  The short-lived gases such as water vapor, tropo-

spheric ozone, ozone precursors (e.g., NOx, CO, and

NMVOCs), and tropospheric aerosols (e.g., SO2 prod-

ucts), however, vary regionally, and consequently it is

difficult to quantify their global radiative forcing im-

pacts.   No GWP values are attributed to these gases that

are short-lived and spatially inhomogeneous in the at-

mosphere.  Other greenhouse gases not yet listed by the

Intergovernmental Panel on Climate Change (IPCC), but

are already or soon will be in commercial use include:

HFC-245fa, hydrofluoroethers (HFEs), and nitrogen

trifluoride (NF3).
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Total U.S. greenhouse gas emissions rose in 1998

to 1,834.6million metric tons of carbon equivalents

(MMTCE)20 (11.2 percent above 1990 baseline levels).
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19 Framework Convention on Climate Change; FCCC/CP/1996/15/Add.1; 29 October 1996; Report of the Conference of the Parties at
its second session; held at Geneva from 8 to 19 July 1996; Addendum; Part Two: Action taken by the Conference of the Parties at its
second session; Decision 9/CP.2; Communications from Parties included in Annex I to the Convention:  guidelines, schedule and
process for consideration; Annex:  Revised Guidelines for the Preparation of National Communications by Parties Included in Annex
I to the Convention; p. 18.
20 Estimates are presented in units of millions of metric tons of carbon equivalents (MMTCE), which weights each gas by its GWP value,
or Global Warming Potential (see previous section).
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The single year increase in emissions from 1997 to 1998

was 0.4 percent (6.8 MMTCE), less than the 1.3 percent

average annual rate of increase for the 1990s.  Figure 1-

1 through Figure 1-3 illustrate the overall trends in total

U.S. emissions by gas, annual changes, and absolute

changes since 1990.

As the largest source of U.S. greenhouse gas emis-

sions, CO2 from fossil fuel combustion, accounted for

80 percent of weighted emissions in 1998.  Emissions

from this source grew by 11 percent (148.1 MMTCE)

from 1990 to 1998 and were also responsible for over 80

percent of the increase in national emissions during this

period.  The annual increase in CO2 emissions from this
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source was only 0.5 percent in 1998 lower than the

source’s average annual rate of 1.3 percent during the

1990s despite a strong 3.9 percent increase in U.S. gross

domestic product.

In addition to economic growth, changes in CO2

emission from fossil fuel combustion are also correlated

with energy prices and seasonal temperatures.  Excep-

tionally mild winter conditions in 1998 moderated

growth in CO2 emissions from fossil fuel combustion

below what would have been expected given the strength

of the economy and continued low fuel prices.  Table 1-

2 shows annual changes in emissions during the last few

years of the 1990s for particular fuel types and sectors.

Carbon dioxide emissions from fossil fuel com-

bustion increased dramatically in 1996, due primarily

to two factors: 1) fuel switching by electric utilities

from natural gas to more carbon intensive coal as to

colder winter conditions and the associated rise in de-

mand for natural gas from residential, commercial and

industrial customers for heating caused gas prices to

rise sharply; and 2) higher consumption of petroleum

fuels for transportation.  Milder weather conditions in

summer and winter moderated the growth in emissions

in 1997; however, the shut-down of several nuclear

power plants lead electric utilities to increase their con-

sumption of coal to offset the lost capacity.  In 1998,

weather conditions were a dominant factor in slowing

the growth in emissions.  Warm winter temperatures

resulted in a significant drop in residential, commer-

cial, and industrial natural gas consumption.  This drop

in emissions from natural gas used for heating was pri-

marily offset by two factors:  1) electric utility emis-

sions, which increased in part due to a hot summer and

its associated air conditioning demand; and 2) in-

creased motor gasoline consumption for transportation.

Other significant trends in emissions from addi-

tional source categories over the nine year period from

1990 through 1998 included the following:

● Aggregate HFC and PFC emissions resulting from

the substitution of ozone depleting substances (e.g.,

CFCs) increased by 14.2 MMTCE.  This increase

was partly offset, however, by reductions in PFC

emissions from aluminum production by 2.6

MMTCE (48 percent), which were the result of both
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voluntary industry emission reduction efforts and

lower domestic aluminum production.

● Combined N2O and CH4 emissions from mobile

combustion rose by 3.3 MMTCE (22 percent), pri-

marily due to increased rates of N2O generation in

highway vehicles.

● Methane emissions from the manure management

activities have increased by 7.9 MMTCE (53 per-

cent) as the composition of the swine and dairy in-

dustries shift toward larger facilities.  An increased

number of large facilities leads to an increased use

of liquid systems, which translates into increased

methane production.

● Methane emissions from coal mining dropped by

6.2 MMTCE (26 percent) as a result of the mining of

less gassy coal from underground mines and the in-

creased use of methane from degasification systems.

● Nitrous oxide emissions from agricultural soil man-

agement increased by 8.5 MMTCE (11 percent) as

fertilizer consumption and cultivation of nitrogen

fixing crops rose.

● By 1998, all of the three major adipic acid produc-

ing plants had voluntarily implemented N2O abate-

ment technology; as a result, emissions fell by 3.0

MMTCE (60 percent).  The majority of this decline

occurred from 1997 to 1998, despite increased pro-

duction.

Overall, from 1990 to 1998, total emissions of CO2,

CH4, and N2O increased by 153.7 (11 percent), 3.1 (2

percent), and 11.1 MMTCE (10 percent), respectively.

During the same period, weighted emissions of HFCs,

PFCs, and SF6 rose by 17.0 MMTCE (73 percent).  De-

spite being emitted in smaller quantities relative to the

other principle greenhouse gases, emissions of HFCs,

PFCs, and SF6 are significant because of their extremely

high Global Warming Potentials and, in the cases of

PFCs and SF6, long atmospheric lifetimes.  Conversely,

U.S. greenhouse gas emissions were partly offset by car-

bon sequestration in forests and in landfilled carbon,

which were estimated to be 12 percent of total emis-

sions in 1998.

As an alternative, emissions can be aggregated

across gases by the IPCC defined sectors, referred to

here as chapters.  Over the nine year period of 1990 to

1998, total emissions in the Energy, Industrial Processes,

Agriculture, and Waste chapters climbed by 146.5 (10

percent), 18.5 (39 percent), 18.5 (14 percent), and 1.5

MMTCE (2 percent), respectively.  Estimates of the quan-

tity of carbon sequestered in the Land-Use Change and

Forestry chapter, although based on projections, de-

clined by 105.5 MMTCE (33 percent).

Table 1-4 summarizes emissions and sinks from

all U.S. anthropogenic sources in weighted units of

MMTCE, while unweighted gas emissions and sinks in

gigagrams (Gg) are provided in Table 1-5.  Alternatively,

emissions and sinks are aggregated by chapter in Table
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21 Energy-related activities are those that involve fossil fuel combustion (industrial, transportation, residential, and commercial end-use
sectors), and the production, transmission, storage, and distribution of fossil fuels.
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1-6 and Figure 1-5.

8������	�
"�����;�����������

Emissions of greenhouse gases from various

sources have been estimated using methodologies that

are consistent with the Revised 1996 IPCC Guidelines

for National Greenhouse Gas Inventories (IPCC/UNEP/

OECD/IEA 1997).  To the extent possible, the present

U.S. Inventory relies on published activity and emis-

sion factor data.  Depending on the emission source

category, activity data can include fuel consumption or

deliveries, vehicle-miles traveled, raw material processed,

etc.; emission factors are factors that relate quantities of

emissions to an activity.  For some sources, IPCC default

methodologies and emission factors have been employed.

However, for most emission sources, the IPCC default

methodologies were expanded and more comprehensive

methods were applied.

Inventory emission estimates from energy con-

sumption and production activities are based primarily

on the latest official fuel consumption data from the

Energy Information Administration (EIA) of the U.S. De-

partment of Energy.  Emission estimates for NOx, CO,

and NMVOCs were taken directly, except where noted,

from the United States Environmental Protection

Agency’s (EPA) report, National Air Pollutant Emission

Trends 1900 - 1998 (EPA 1999), which is an annual EPA

publication that provides the latest estimates of regional

and national emissions of criteria pollutants.  Emissions

of these pollutants are estimated by the EPA based on

statistical information about each source category, emis-

sion factors, and control efficiencies.  While the EPA’s

estimation methodologies for criteria pollutants are con-

ceptually similar to the IPCC recommended methodolo-

gies, the large number of sources EPA used in develop-

ing its criteria pollutant estimates makes it difficult to

reproduce the methodologies from EPA (1999) in this

inventory document.  In these instances, the references

containing detailed documentation of the methods used

are identified for the interested reader.  For agricultural

sources, the EPA criteria pollutant emission estimates

were supplemented using activity data from other agen-

cies.  Complete documentation of the methodologies

and data sources used is provided in conjunction with

the discussion of each source and in the various annexes.

Emissions from fossil fuels combusted in ships and

aircraft engaged in the international transport of passen-

gers and cargo are not included in U.S. totals, but are

(400)

0

400

800

1,200

1,600

2,000

1
9

9
0

1
9

9
1

1
9

9
2

1
9

9
3

1
9

9
4

1
9

9
5

1
9

9
6

1
9

9
7

1
9

9
8

M
M

T
C

E

Energy

Land-Use
Change &
Forestry
(sink)

Industrial
Processes

Agriculture

Waste

����
�2�
������
��
&�
4��,	��=�*44
��-	
�

3�)���
 ��#



���"�����������	
��

�
����
������
���
���
������
��
���
������

�������� 

<
:
����

������
���
���
������
��
��
�
�����,
�	�	�
�
+-	���	���

������4��	(1�����<��	��	�(����	�<��11��4�������3��1� �	�(1��	�<�	������6�	����'�����"��'	�(�������$!�� �������&�����%��	<�3�,

4��	(1�����<	�������	������6�	����'����������	�(�������%����������������4���11�2�2�1��	�� ��((���	�<��������������1��	<�3�,�9�&	�	�����

�	��"��?	;�3	�� �������&�����%�&	1�����	4����2����2��(����%��&��$$������$$#�����<�11�����%�<���1	���(����&�����(��,����	������6�	���

'��������4��	�(���������1��	4�1,������	1,��	�(�������$#�� ��((���	�<��������5���<,�*�%��&��	���9�&	�	�����	��"��.�����	�(�������	�

&�����4��	(1�����<��������������1���%���(��%1���(���%�%�(�����	�(1��	�<�2�2�1��	���<��3�� ��(���&	(�<��3�� �	�(����	�<��������2��31 

����1�3�%��1�2�	(��"


����%�������	��������(����C���(����%�������(���<���	�����1�3	�<��%�2��<�������3����(1�������	��	���������������������1�2����

�%�����(�����,"��+�����<���(��� ����(;� �&����(,(1�� ������������&	���	<�	%	(����C����	�	����%��	��2�11�������3	���1�(�1 ���<	���1 ����

<1���1��%%�(��"� �������4��	(1�������&�D�������(����%�(������&���
	�����
� �(�������	�
	�����
�� �&������������ ����&������

4�1��	1����<��	(�(�&2���������F
��� ��	���<����
	������

� ��	�������
	������
� ������,���%1����(�������������"��������4��	(1��

�����1���	&2�������(����	����������&��,����	�����	��2�11��	���2���1�&� � 	�(1��	�<�<������1�4�1��-�����	"�" ��&�<� ��(	����	� �%	��

2���	(�1����&����� �����<1���1�3��&	�<"��0	��	������6�	����'���������������� �<�4���&�����<��(	�����4����;��������<��(�	������

����(�� �������&	��	���"� �'	�(�� �����$!�� � ����5+9����� ����(��� 1���� 	��<���1	�� ���4�1�2������	(���&	��	������������� %�����3
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����������&	��	�������	�<���	��2��	�� ��4���11��&	��	����%��&������2�����	����(�	4	�	����(���11,

	�(��������,����2��(���"

reported separately as international bunkers in accor-

dance with IPCC reporting guidelines (IPCC/UNEP/

OECD/IEA 1997).  Carbon dioxide emissions from fuel

combusted within U.S. territories, however, are included

in U.S. totals.

����������"�������

��
���������� ��
�����������
����

While the current U.S. emissions inventory pro-

vides a solid foundation for the development of a more

detailed and comprehensive national inventory, it has

several strengths and weaknesses.

First, this inventory by itself does not provide a

complete picture of past or future emissions in the United

States; it only provides an inventory of U.S. emissions

for the years 1990 through 1998.  However, the United

States believes that common and consistent inventories

taken over a period of time can and will contribute to

understanding future emission trends.  The United States

produced its first comprehensive inventory of greenhouse

gas emissions and sinks in 1993, and intends to update

it annually, in conjunction with its commitments under

the UNFCCC.  The methodologies used to estimate emis-

sions will also be updated periodically as methods and

information improve and as further guidance is received

from the IPCC and UNFCCC.

Secondly, there are uncertainties associated with

the emission estimates.  Some of the current estimates,

such as those for CO2 emissions from energy-related ac-

tivities and cement processing, are considered to be fairly

accurate.  For other categories of emissions, however, a

lack of data or an incomplete understanding of how emis-

sions are generated limits the scope or accuracy of the

estimates presented.  Despite these uncertainties, the

Revised 1996 IPCC Guidelines for National Greenhouse
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22 Emissions from nonutility generators are not included in these estimates.  Nonutilties were estimated to produce about 10 percent of
the electricity generated in the United States in 1998 (DOE and EPA 1999).
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ther research is needed in some cases to improve the

accuracy of emission factors used to calculate emissions

from a variety of sources.  For example, the accuracy of

current emission factors applied to methane and nitrous

oxide emissions from stationary and mobile combustion

is highly uncertain.

Collecting detailed activity data.  Although meth-

odologies exist for estimating emissions for some sources,

problems arise in obtaining activity data at a level of

detail in which aggregate emission factors can be ap-

plied.  For example, the ability to estimate emissions of

methane and nitrous oxide from jet aircraft is limited

due to a lack of activity data by aircraft type and number

of landing and take-off cycles.

Applying Global Warming Potentials.  GWP val-

ues have several limitations including that they are not

applicable to unevenly distributed gases and aerosols

such as tropospheric ozone and its precursors.  They are

also intended to reflect global averages and, therefore,

do not account for regional effects.  Overall, the main

uncertainties in developing GWP values are the estima-

tion of atmospheric lifetimes, assessing indirect effects,

choosing the appropriate integration time horizon, and

assessing instantaneous radiative forcing effects which

are dependent upon existing atmospheric concentra-

tions.  According to the IPCC, GWPs typically have an

uncertainty of ±35 percent (IPCC 1996).

Gas Inventories (IPCC/UNEP/OECD/IEA 1997) require

that countries provide single point estimates for each

gas and emission or removal source category.  Within

the discussion of each emission source, specific factors

affecting the accuracy of the estimates are discussed.

Finally, while the IPCC methodologies provided

in the Revised 1996 IPCC Guidelines represent baseline

methodologies for a variety of source categories, many

of these methodologies continue to be improved and

refined as new research and data becomes available.  The

current U.S. inventory uses the IPCC methodologies

when applicable, and supplements them with other avail-

able methodologies and data where possible.  The United

States realizes that additional efforts are still needed to

improve methodologies and data collection procedures.

Specific areas requiring further research include:

Incorporating excluded emission sources.  Quan-

titative estimates of some of the sources and sinks of

greenhouse gas emissions are not available at this time.

In particular, emissions from some land-use activities

and industrial processes are not included in the inven-

tory either because data are incomplete or because meth-

odologies do not exist for estimating emissions from

these source categories.  See Annex P for a discussion of

the sources of greenhouse gas emissions and sinks ex-

cluded from this report.

Improving the accuracy of emission factors.  Fur-
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Emissions calculated for the U.S. inventory reflect

current best estimates; in some cases, however, estimates

are based on approximate methodologies, assumptions,

and incomplete data.  As new information becomes avail-

able in the future, the United States will continue to

improve and revise its emission estimates.
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In accordance with the IPCC guidelines for report-

ing contained in the Revised 1996 IPCC Guidelines for

National Greenhouse Gas Inventories (IPCC/UNEP/

OECD/IEA 1997), this U.S. inventory of greenhouse gas

emissions and sinks is segregated into six sector-spe-

cific chapters, listed below in Table 1-9.

Within each chapter, emissions are identified by

the anthropogenic activity that is the source or sink of

the greenhouse gas emissions being estimated (e.g., coal

mining).  Overall, the following organizational struc-

ture is consistently applied throughout this report:

��������	
�����
����� Overview of

emission trends for each IPCC defined sector

��������Description of source pathway and emis-

sion trends from 1990 through 1998

— �������������Description of analytical

methods employed to produce emission esti-

mates

— ���������
����Identification of data ref-

erences, primarily for activity data and emis-

sion factors

— ��
���������� Discussion of relevant is-

sues related to the uncertainty in the emission

estimates presented

Special attention is given to carbon dioxide from

fossil fuel combustion relative to other sources because

of its share of emissions relative to other sources and its

dominant influence on emission trends.  For example,

each energy consuming end-use sector (i.e., residential,

commercial, industrial, and transportation), as well as

the electric utility sector, are treated individually.  Ad-

ditional information for certain source categories and

other topics is also provided in several Annexes listed

in Table 1-10.
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Each year the EPA not only recalculates and re-

vises the emission estimates for all years that are pre-

sented in the Inventory of U.S. Greenhouse Gas Emis-

sions and Sinks but also attempts to improve the analy-

ses themselves through the use of better methods or data.

A summary of this year’s changes is presented in the

following three sections and includes updates to histori-

cal data, changes in methodology, and other changes.

The magnitude of each change is also described.

Changes to historical data are generally due to

statistical data supplied by other agencies.  Data sources

are provided for further reference.

For methodological changes, differences between
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the previous Inventory and this Inventory are explained.

Many of the changes in methodology are due to a recent

series of IPCC good practice workshops held to assist in

the preparation of greenhouse gas inventories and in the

implementation of the Revised 1996 IPCC Guidelines

(IPCC/UNEP/OECD/IEA 1997).  Unless otherwise noted,

the methodological changes incorporated into this year’s

Inventory reflect the recommendations of experts at these

IPCC good practice workshops.  In general, when meth-

odological changes have been implemented, the entire

time series (1990 through 1998) has been recalculated

to reflect the change.

����
������3��������	�;���
● In the CO2 Emissions from Fossil Fuel Combustion

section of the Energy chapter, most differences, as

compared to previous emission estimates, are due to

revised energy consumption data from the Energy

Information Administration (EIA 1999a, 1999c,

1999d) for selected years (see below for detail on an

additional small methodological change).  In addi-

tion, a small error in estimates of CO2 emissions

from combustion of petroleum used for transporta-

tion has been corrected in this Inventory.  Previ-

ously, the combustion efficiency had been inadvert-

ently applied to bunker fuel emissions prior to re-

moving them from the calculation of CO2 emissions

from petroleum used for transportation.  In the cur-

rent Inventory, the combustion efficiency is correctly

applied once to all emissions after the subtraction

of bunker fuels.  The combined data and method-

ological changes resulted in an average decrease

of 4.3 MMTCE (0.3 percent) in annual CO2 emis-

sions from fossil fuel combustion for 1990 through

1997.

● In the Stationary Combustion (excluding CO2) sec-

tion of the Energy Chapter, differences from previ-

ous emission estimates are due to revised energy

consumption data from the EIA (1999a, 1999d) for

selected years.  This revision resulted in an increase

of less than 0.1 MMTCE (0.6 percent) in annual

CH4 emissions and an average increase of less than

0.1 MMTCE (0.7 percent) in annual N2O emissions

from stationary combustion for 1990 through 1997.

● In the Mobile Combustion (excluding CO2) sec-

tion of the Energy Chapter, differences with previ-

ous emission estimates for highway sources are due

to revised estimates of historical vehicle-miles-trav-

eled by the Federal Highway Administration (FHWA

1999).  Extremely small differences exist in the

non-highway estimates due to revised historical

fuel consumption data from EIA (1999a, 1999c)

and FHWA (1999).  These revisions caused an av-

erage increase of less than 0.1 MMTCE (3.0 per-

cent) in annual CH4 emissions and an increase of

0.3 MMTCE (1.9 percent) in annual N2O emissions

from mobile combustion for 1990 through 1997.

● In the Natural Gas Systems section of the Energy
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Chapter, historical estimates of methane emissions

are revised based on the transmission pipeline mile-

age reported by the Office of Pipeline Safety (OPS).

Inventories in previous years relied on the American

Gas Association (AGA) for transmission pipeline

mileage data.  AGA aggregates pipeline mileage data

as reported in FERC Form 2 “Annual Report of Natu-

ral Gas Pipeline Companies”; however, only inter-

state pipeline companies regulated by FERC sub-

mit Form 2.  In contrast, OPS data is for all compa-

nies with more than one mile of transmission pipe-

line and includes both intra- and interstate pipe-

lines.  Accordingly, OPS reports pipeline mileage

that is higher than that reported by AGA.  Using the

new data, EPA recalculated historical emission esti-

mates, which resulted in increases for most years.

The historical emission estimates have increased an

average of 0.7 MMTCE (1.5 percent) in annual CH4

emissions for 1990 through 1997.

● In the Natural Gas Flaring and Criteria Pollutant

Emissions in the Oil and Gas Activities section of

the Energy chapter, changes in emission estimates

for natural gas flaring are due to revisions in data

from the EIA (1999e).  These revisions caused an

average increase of 0.2 MMTCE (5.8 percent) in

CO2 annual emissions for 1990 through 1997.  The

EPA (1999b) has also revised estimates for criteria

pollutants from oil and gas activities for 1996 and

1997.  These revisions resulted in average increases

of 3.5 percent in annual NOx emissions, and 3.9

percent in CO annual emissions from 1990 through

1997, and 1.0 percent in annual NMVOCs emissions

from1990 through 1997.

● In the International Bunker Fuels section of the

Energy chapter, a small error in the 1990-1997 In-

ventory is corrected in this volume.  Emissions from

combustion of distillate fuel in marine bunkers were

misreported by two years in that edition, presenting

1988 estimates for 1990, 1989 estimates for 1991,

and so forth.  In addition, the activity data for for-

eign airlines at U.S. airports in 1997 have been ad-

justed slightly (BEA 1999). The combined data and

methodological changes resulted in an average de-

creases of 2.0 MMTCE (7.4 percent) in annual CO2

emissions, less than 0.1 MMTCE (10.9 percent) in

annual CH4 emissions and less than 0.1 MMTCE

(8.3 percent) in annual N2O emissions from interna-

tional bunker fuels for 1990 through 1997.

● In the Limestone and Dolomite Use section of the

Industrial Processes chapter, the 1997 value for lime-

stone and dolomite consumption was revised by the

United States Geological Survey (USGS 1999).  This

data change resulted in an increase of 0.2 MMTCE,

or 9.3 percent, of CO2 emissions from limestone and

dolomite use in 1997.

● In the Carbon Dioxide Consumption section of the

Industrial Processes chapter, the 1997 value was re-

vised.  The reference (Freedonia 1999) does not pro-

vide data for 1997, so it has been extrapolated using

annual growth rates from confirmed 1993 through

1996 values.  Previously, the growth in CO2 produc-

tion was also applied to calculate CO2 used in EOR

applications.  However, this year’s data shows that

Freedonia holds EOR constant for 1996-1998.  This

revision in data resulted in an average increase of

less than 0.1 MMTCE, or 5.3 percent, of CO2 emis-

sions from CO2 consumption for 1997.

● In the Petrochemical Production section of the In-

dustrial Processes chapter, the differences between

the 1990-1997 Inventory and this volume reflect

updated production data for ethylene, ethylene

dichloride, and methanol from the Chemical Manu-

facturers Association (CMA 1999).  These updates

caused an average increase of less than 0.1 MMTCE

(1.5 percent) in annual CH4 emissions from petro-

chemical production for 1994 through 1997.

● In the Substitution of Ozone Depleting Substances

section of the Industrial Processes chapter, a review

of the current chemical substitution trends with in-

put from industry representatives resulted in updated

assumptions for the Vintaging Model, particularly

in the stationary refrigeration and foams sectors.

These updates resulted in an average decrease of 2.0

MMTCE (22.7 percent) in aggregate HFC, PFC, and

SF6 emissions from substitution of ozone depleting

substances for 1994 through 1997.

● In the Enteric Fermentation section of the Agricul-

ture chapter, the emission estimates for the 1990-
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1998 Inventory have been recalculated using up-

dated animal population data.  Specifically, animal

population data for 1994 through 1997 were up-

dated to reflect the recent publication of final live-

stock population estimates by USDA (1999a-h, n).

Also, horse population data for 1990 through 1998

were updated to reflect revised data from the Food

and Agriculture Organization (FAO 1999).  The dairy

cow emission factors were also updated to reflect

revised milk production data.  These data modifica-

tions caused an average increase of less than 0.1

MMTCE (less than 0.1 percent) in annual CH4 emis-

sions from enteric fermentation for 1990 through

1997.
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The emission factor used to calculate emissions

from the combustion of residual fuel at electric utilities

was updated to 21.29 MMTCE/QBtu, based on new data

that EIA received from electric utilities (EIA 1999b).

The emission factor for residual fuel for all other sectors

remains at 21.49 MMTCE/QBtu.

Additionally, non-bunker jet fuel emissions from

military vehicles for 1990-1998, which are accounted

for under the transportation end-use sector, have been

estimated for the first time in this inventory.  Data on jet

fuel expenditures by the U.S. military was supplied by

the Office of the Under Secretary of Defense (Environ-

mental Security), U.S. Department of Defense (DoD).  Data

on fuel delivered to the military within the U.S. was pro-

vided from unpublished data by the Defense Energy

Support Center, under DoD’s Defense Logistics Agency.

The quantity of fuel used was estimated using these data

sources.  Jet fuel densities for each fuel type were ob-

tained from the Air Force (1998). The combined data

and methodological changes resulted in an average de-

crease of 4.3 MMTCE (0.3 percent) of CO2 annual emis-

sions from fossil fuel combustion for 1990 through 1997.
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EPA has restated the emissions of methane from

petroleum systems for 1998 and previous years, result-

ing in a substantial, 5.4 MMTCE, almost four-fold in-

crease in the estimate in CH4 from 1990 through 1997.

The new, higher estimate of methane emissions from pe-

troleum systems is based on work sponsored by EPA and

presented in Estimates of Methane Emissions from the

U.S. Oil Industry (EPA 1999a).  Where the previous esti-

mates of methane emissions from the petroleum industry

used emission and activity factors based on top-down,

broad categories of activities, the revised approach is

based on a more detailed, bottom-up analysis of 70 dif-

ferent crude oil handling and processing activities from

the wellhead to refining.

The overall approach to these new petroleum sec-

tor estimates is now consistent with the detailed, bot-

tom-up analysis that has been used for several years to

estimate methane emissions from the natural gas indus-

try.  As with natural gas, the new approach to estimating

methane emissions from petroleum systems is based on

a detailed characterization of the petroleum sector, which

describe the emissions producing sources within the

sector.  Under this approach, EPA has developed emis-

sions factors for each emission producing activity that

describes the rate of annual emissions per activity.  The

emissions factors derive largely from Radian Interna-

tional LLC (Radian 1996e).  Other sources of emissions

factors include data from various reports and documents

of the American Petroleum Institute, EPA, Minerals Man-

agement Service (MMS) reports, Gas Research Institute

(GRI), Canadian Association of Petroleum Producers

(CAPP), and various industry peer review panels. Activ-

ity factors are used to generalize the emissions to the

entire industry and are multiplied by the emission fac-

tors to generate the total emissions estimates.  The ma-

jor sources of activity factors include various reports

from the Energy Information Administration (EIA), API,

Radian, EPA, MMS, the Oil &Gas Journal, and peer

review panels.
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International bunker fuel emissions resulting from

military aviation and marine activities for 1990-1998

have been estimated for the first time in this inventory.

Data on jet fuel expenditures by the U.S. military was

supplied by the Office of the Under Secretary of Defense

(Environmental Security), U.S. Department of Defense

(DoD).  Estimates of the percentage of each services’

total operations that are international operations were

developed by DoD.  Military aviation bunkers include

international operations, operations conducted from na-

val vessels at sea, and operations conducted from U.S.

installations principally over international water in di-

rect support of military operations at sea.  Data on fuel

delivered to the military within the U.S. was provided

from unpublished data by the Defense Energy Support

Center, under DoD’s Defense Logistics Agency.  Together,

the data allow the quantity of fuel used in military inter-

national operations to be estimated. Jet fuel densities for

each fuel type were obtained (Air Force 1998). The com-

bined data and methodological changes resulted in an

average decreases of 2.0 MMTCE (7.4 percent) in an-

nual CO2 emissions, less than 0.1 MMTCE (10.9 per-

cent) in annual CH4 emissions and less than 0.1 MMTCE

(8.3 percent) in annual N2O emissions from international

bunker fuels for 1990 through 1997.
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During clinker production some of the clinker pre-

cursor materials remain in the kiln as non-calcinated,

partially calcinated, or fully calcinated cement kiln dust.

The emissions attributable to the calcinated portion of

the cement kiln dust are not accounted for by the clinker

emission factor.  These additional CO2 emissions were

estimated as 2 percent of the CO2 emissions calculated

from clinker production.  The previous inventory did

not include cement kiln dust emissions estimates. These

additional emissions from cement kiln dust were com-

bined with the emissions from clinker production to cal-

culate total cement production emissions.  This method-

ological change resulted in an average increase of 0.2

MMTCE (2.0 percent) in annual CO2 emissions from

cement manufacture for 1990 through 1997.
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During the calcination stage of lime manufacture,

CO2 is driven off as a gas and normally exits the system

with the stack gas.  Carbon dioxide emissions were esti-

mated by applying a CO2 emission factor to the total

amount of lime produced.  The emission factor used in

this analysis is the product of the mass of CO2 released

per unit of lime, and the average calcium plus magne-

sium oxide (CaO + MgO) content of lime.  In previous

inventories the average calcium plus magnesium oxide

content of lime was not factored into the emissions fac-

tor.  The inclusion of the CaO or CaO + MgO content of

lime in the current inventory, was recommended by the

National Lime Association (Males 1999).  Lime industry

experts believe that approximately 93 percent is a repre-

sentative value for lime’s average calcium plus magne-

sium oxide content (ASTM 1996; Schwarzkopf 1995).

The remainder is composed of silica, aluminum, and iron

oxides (3.83 percent) and CaCO3 (3.41 percent).  These

other compounds are present because limestone feed is

not 100 percent pure, nor is the conversion process 100

percent efficient (Males 1999).  This yields an emission

factor of 0.73 tons of CO2 per ton of lime produced.  In

the previous Inventory, CaO was considered to be 100

percent of limestone, thus yielding an emission factor of

0.785 tons of CO2 per ton of lime produced.  This meth-

odological change resulted in an average decrease of

0.2 MMTCE (6.8 percent) in annual CO2 emissions from

lime manufacture for 1990 through 1997.
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The equation used to estimate N2O emissions from

adipic acid production was changed from the previous

Inventory to include both a destruction factor and an

abatement system utilization factor.  The N2O destruc-

tion factor represents the amount of N2O expressed as a

percentage of N2O emissions that are destroyed by the

currently installed abatement technology.  The abate-

ment system utilization factor represents the percent of

time that the abatement equipment operates.  This meth-

odological change resulted in an average increase of 0.3

MMTCE (7.5 percent) in annual N2O emissions from
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adipic acid production for 1990 through 1997.

4���������������������

An estimated 20 percent of nitric acid plants in the

United States are equipped with Non-Selective Catalytic

Reduction (NSCR) technology (Choe, et al. 1993).  In

the process of destroying NOx, NSCR systems also de-

stroy 80 to 90 percent of the N2O.  Hence, the emission

factor is equal to (9.5 × 0.80) + (2 × 0.20) = 8 kg N2O per

metric ton HNO3.  In previous Inventories the emission

factor was calculated without weighting the percent of

plants using NSCR and Selective Catalytic reduction

(SCR) technologies, thus the previous emission factor

was 5.5 kg N2O per metric ton HNO3.  This methodologi-

cal change resulted in an average increase of 1.7 MMTCE

(46.2 percent) in annual N2O emissions from nitric acid

production for 1990 through 1997.
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PFC emissions from aluminum production were

estimated by multiplying an emission factor by the an-

nual production.  In the previous Inventory, PFC emis-

sions were estimated using a single per unit emission

factor for 1990, and emissions for 1991 through 1996

were estimated with emission factors that incorporated

data on reductions in anode effects provided by alumi-

num companies through the Voluntary Aluminum Indus-

try Partnership (VAIP).  The current inventory combines

data on smelter operating parameters (anode effect fre-

quency and anode effect duration) with slope coefficients

that relate the operating parameters to emissions of CF4

and C2F6. The operating parameter data has been reported

by smelters and the slope coefficients are based upon

measurements taken at the individual smelters.  In cases

where data reports or smelter specific coefficients are

unavailable, technology-specific defaults have been

used.  These revisions in methodology resulted in an

average increase of 0.3 MMTCE (8.3 percent) in annual

PFC emissions from aluminum production for 1990

through 1997.
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HFC, PFC, and SF6 emissions from semiconductor

manufacture were estimated using silicon chip manufac-

turing characteristics and data provided through the

Emission Reduction Partnership for the Semiconductor

Industry.  For previous Inventories, emissions were esti-

mated based on gas sales data from 1994, emission fac-

tors for the most commonly used gases, and projections

regarding the growth of semiconductor sales and the ef-

fectiveness of emission reduction efforts.  For the 1998

Inventory, emissions have been recalculated using an

improved estimation method that uses two sets of data.

For 1990 through 1994, emissions were estimated based

on the historical consumption of silicon (square centi-

meters), the estimated average number of interconnect-

ing layers in the chips produced, and an estimated per-

layer emission factor.  The average number of layers per

chip was based on industry estimates of silicon consump-

tion by line-width and of the number of layers per line-

width.  The per-layer emission factor was based on the

total annual emissions reported by the participants in

the EPA’s Emission Reduction Partnership for the Semi-

conductor Industry.  For the three years for which gas

sales data were available (1992 through 1994), the esti-

mates derived using the new method are within 10 per-

cent of the estimates derived using gas sales data and

average values for emission factors and GWP values.

For 1995 through 1998, emissions were estimated

based on the total annual emissions reported by the par-

ticipants in the EPA’s Emission Reduction Partnership

for the Semiconductor Industry.  Partners estimate their

emissions using a range of methods; the partners with

relatively high emissions typically multiply estimates

of their PFC consumption by process-specific emission

factors that they have either measured or obtained from

suppliers manufacturing equipment and based tools.  To

estimate total U.S. emissions from semiconductor manu-

facturing based on reported partner emissions, a per-plant

emissions factor was estimated for the partners.  This

per-plant emission factor was then applied to plants op-

erated by semiconductor manufacturers who were not

partners, considering the varying characteristics of the

plants operated by partners and non-partners (e.g., typi-
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cal plant size and type of device produced).  The result-

ing estimate of non-partner emissions was added to the

emissions reported by the partners to obtain total U.S.

emissions.  These revisions in methodology resulted in

an average increase of 0.4 MMTCE (72.4 percent) in

annual HFC, PFC, and SF6 emissions from semiconduc-

tor manufacture for 1990 through 1997.
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The methodology for estimating N2O emissions

from manure management no longer assumes that 20

percent of the manure nitrogen volatilizes before N2O

production and therefore is not available for N2O pro-

duction. This assumption was used in previous Invento-

ries to correct for what appeared to be an inconsistency

with the Agricultural Soil Management emission esti-

mate methodologies, which account for indirect N2O

emissions from nitrogen volatilized from managed ma-

nure systems, as well as from nitrogen in applied animal

manure. However, as a result of efforts carried out by the

IPCC in their work on inventory “good practice,” the

determination was made that there is not an inconsis-

tency.  Through this process, it became clear that the

total amount of manure nitrogen in managed systems is

available for both N2O production (accounted for in

the Manure Management calculations) and nitrogen

volatilization (accounted for in the Agricultural Soil

Management calculations).  Therefore, this step has been

removed so that the methodology corresponds with the

guidance described in IPCC/UNEP/OECD/IEA (1997).

This results in a larger amount of nitrogen available for

N2O production.

Additionally, all animal population data, except

horses, for 1994 through 1997 were updated to reflect

the recent publication of final livestock population es-

timates for 1994 through 1997 from USDA (USDA

1999a-f, i-o).  Horse population data for 1990 through

1998 were updated to reflect updated data from the Food

and Agriculture Organization (FAO 1999).  These meth-

odological and data changes together cause an average

increase of 1.9 MMTCE (11.2 percent) in annual CH4

emissions and 0.8 MMTCE (28.3 percent) in annual

N2O emissions from manure management for 1990

through 1997.
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The climatic conditions of Arkansas (in 1998),

southwest Louisiana, Texas, and Florida allow for a sec-

ond, or ratoon, rice crop to be grown each year.  This

second rice crop is produced from re-growth on the

stubble after the first crop has been harvested.  For the

1990-1998 U.S. Inventory, the approach used to esti-

mate emissions from rice cultivation was modified to

account for emissions from ratooned and primary areas

separately.  In this Inventory, data was collected on the

flooding season length, area cultivated, and emissions

rate range for both the primary and ratoon crops.  In

previous Inventories, emissions from the primary and

ratoon seasons were not estimated separately.  Instead,

flooding season lengths and a daily emission factor

range that are representative of the primary crop were

used to estimate emissions from both the primary and

ratooned areas.  This approach was assumed to result in

a reasonable first approximation for the ratooned areas

because the higher daily average emissions from ra-

tooned areas are at least somewhat canceled out by a

shorter ratoon flooding season (compared to the pri-

mary crop).  For the current Inventory, information on

ratoon flooding season lengths was collected from agri-

cultural extension agents in the states that practice ra-

tooning, and emission factors for both the primary sea-

son and the ratoon season were derived from published

results of field experiments in the United States.  This

change caused an average decrease of 0.2 MMTCE (6.3

percent) in annual CH4 emissions from rice cultivation

for 1990 through 1997.
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The current Inventory includes two new sources of

nitrogen that were not accounted for in previous inven-

tories:  land application of sewage sludge and produc-

tion of non-alfalfa forage legumes.  The current Inven-

tory also includes several data and methodological

changes relative to the previous Inventory.  Three changes

to the data have been made.  First, an error was found in

a conversion factor used to calculate organic fertilizer

nitrogen consumption; correcting this factor has resulted
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in higher organic fertilizer consumption statistics and

lower synthetic fertilizer consumption statistics.  Sec-

ond, crop production statistics for some crops have

changed due to the use of updated statistics from the

U.S. Department of Agriculture (USDA 1994a, 1998).

Third, a more recent data source has been used to esti-

mate the annual areas under histosol cultivation, result-

ing in higher area estimates for the entire time series

(USDA 1994b).

Two methodological changes have also been

made.  First, the emission factor for histosol cultivation

has been revised upward as a result of new guidance

proposed by the IPCC in their work on inventory “good

practice.” Second, in the indirect calculations for leach-

ing and runoff, the total amount of applied nitrogen has

been assumed to be subject to leaching and runoff, rather

than just the unvolatilized portion.  This change was

also a result of work carried out under the “good prac-

tice” inventory effort.  Through this process, it became

clear that the methodology assumes all of the volatil-

ized nitrogen redeposits.  Therefore, in order to simplify

the methodology, rather than including a volatilization

and subsequent redeposition step, the leaching and run-

off fraction is just applied to all the applied nitrogen in

a single calculation.  This change to the leaching and

runoff calculation has resulted in an increase in the emis-

sion estimates for this process. All the changes taken

together (i.e., the inclusion of the two additional sources

of applied nitrogen, combined with the data changes

and the methodological changes) resulted in an average

increase in the annual emissions from agricultural soil

management of 10.2 MMTCE (14.7 percent) relative to

the estimates in the previous Inventory.
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This inventory includes three methodological

changes as compared to previous Inventories.  Previous

calculations on rice production in Florida were based on

the assumption that the Sem-Chi Rice Co. accounted for

all of Florida’s rice production. However, this Inventory

uses revised production data to include acreage from

additional producers.  Average production per acre for

Florida for all years was assumed to be the same as 1998

productivity of Sem-Chi Rice.  Total production in

Florida for 1990 through 1998 was estimated using this

average productivity and the revised annual acreage.

The methodology for estimating the percentage of

rice crop residue burned from rice was also revised.  In

the previous Inventory, the percentage of rice burned

was assumed to be 3 percent in all states except Califor-

nia.  To obtain a more accurate estimate for this Inven-

tory, estimates of the percentage of rice area burned per

year for 1990 through 1998 in each of the seven rice

burning states were obtained from agricultural exten-

sion agents.  A weighted (by area) national average per-

cent area burned was calculated for each year.

Additionally, production numbers for corn were

changed to include only corn from grain.  Corn for si-

lage was included in the previous Inventory, but is now

excluded because there is no resulting residue. Histori-

cal crop production data, which previously had been

taken from annual USDA summary reports, was revised

using two USDA reports of final crop estimates (USDA

1994a, 1998).  These methodological changes cause an

average decrease of less than 0.1 MMTCE (17.1 percent)

in annual CH4 emissions and less than 0.1 MMTCE (12.9

percent) in annual N2O emissions from agriculture resi-

due burning for 1990 through 1997.
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The methodology used to estimate recovered land-

fill gas was altered from the previous Inventory.  Previ-

ous landfill gas recovery estimates (1990-1997) were

based on 1990 and 1992 data obtained from Govern-

mental Advisory Associates (GAA 1994).  The 1998 In-

ventory reflects estimates of landfill gas recovered per

year based on site-specific data collected from vendors

of flaring equipment, and a database on landfill gas-to-

energy (LFGTE) projects compiled by the EPA’s Land-

fill Methane Outreach Program (LMOP).  Based on the

information provided by vendors, the EPA estimated to-

tal methane recovered due to the use of 235 flares for

1990 through 1998.  This estimate likely underestimates

emissions because the EPA believes that more than 700

flares are in use at landfills in the United States.  The
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EPA is currently working with the Solid Waste Associa-

tion of North America (SWANA) to better characterize

the emissions reduced by flaring and expects to present

a revised estimate in the next Inventory.  Additionally,

the LMOP database provided data on landfill gas flow

and energy generation for 237 out of approximately 260

operational LFGTE projects.  From this data, the EPA

was able to estimate the methane emissions avoided due

to LFGTE projects.

The EPA assumes that emissions from industrial

landfills are equal to seven percent of the total methane

emissions from municipal landfills.  The amount of meth-

ane oxidized is assumed to be ten percent of the meth-

ane generated (Liptay et al. 1998).  To calculate net meth-

ane emissions, methane recovered and oxidized is sub-

tracted from methane generated at municipal and indus-

trial landfills.  The 1990 through 1997 emission esti-

mates were updated for this Inventory according to the

revised recovery estimates.  This change resulted in an

average decrease in the annual estimates of total CH4

emissions from landfills of 1.6 MMTCE (2.3 percent)

relative to the estimates in the previous Inventory.
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The assumptions used to estimate N2O emissions

from human sewage changed slightly from those used

for the previous Inventory.  The total estimate of nitro-

gen in human sewage was decreased by the amount of

nitrogen added to soils via sewage sludge applications

which are accounted for under the Agricultural Soil Man-

agement source category.

Annually variable population and per capita pro-

tein consumption factors were obtained from the U.S.

Census Bureau and the United Nations Food and Agri-

culture Organization (FAO), respectively.  Protein con-

sumption estimates are updated by the FAO annually.

However, data for protein intake was unavailable for 1998

and therefore, the value of per capita protein consump-

tion for the previous year was used.  In addition, the

protein intake estimate for 1997 was unavailable for the

1997 Inventory.  Thus, this Inventory reflects an updated

1997 protein intake estimate published in 1998.  These

methodological changes for the 1990 through 1997 es-

timates resulted in an average annual decrease in N2O

emissions from Human Sewage of 0.2 MMTCE (6.8 per-

cent) relative to the estimates in the previous Inventory.
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Two source categories have been added in the cur-

rent Inventory.  First, CO2 emissions from the combus-

tion of plastics in municipal solid waste are now reported

in the Waste Combustion section.  Previously, only N2O

emissions had been estimated.  The second, an addition

in Land-Use Change and Forestry, addresses the storage

of carbon resulting from the disposal of yard trimmings

in landfills.  Yard trimmings, a sizeable portion of mu-

nicipal solid waste, are a significant carbon sink when

landfilled.

The IPCC Reporting Tables, presented in Annex N

of the 1990-1997 Inventory, have been removed from

this Inventory.  A new, more detailed, common reporting

format has been developed by the UNFCCC as a substi-

tute for those tables.  The United States intends to sub-

mit information to the UNFCCC Secretariat using this

common reporting format in a separate report.
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